A spatial, electro-optical autocorrelation ͑EOA͒ interferometer using the vertically polarized lobes of coherent transition radiation ͑CTR͒ has been developed as a single-shot electron bunch length monitor at an optical beam port downstream the 100 MeV preinjector LINAC of the Swiss Light Source. This EOA monitor combines the advantages of step-scan interferometers ͑high temporal resolution͒ ͓D. ST Accel. Beams 12, 032802 ͑2009͔͒ ͑fast response͒, providing the possibility to tune the accelerator with an online bunch length diagnostics. While a proof of principle of the spatial interferometer was achieved by step-scan measurements with far-infrared detectors, the single-shot capability of the monitor has been demonstrated by electro-optical correlation of the spatial CTR interference pattern with fairly long ͑500 ps͒ neodymium-doped yttrium aluminum garnet ͑Nd:YAG͒ laser pulses in a ZnTe crystal. In single-shot operation, variations of the bunch length between 1.5 and 4 ps due to different phase settings of the LINAC bunching cavities have been measured with subpicosecond time resolution.
I. INTRODUCTION
As the first part of the "top-up" injection chain for the Swiss Light Source ͑SLS͒ storage ring, the 100 MeV preinjector LINAC has been designed for highest reliability and long-term stability. In the single bunch top-up operation mode, it delivers excellent beam quality at bunch charges of up to 1 nC and 3 Hz repetition rate. 1 For bunch length measurements, the LINAC has to be operated with a modified setting of the bunching section, resulting in shorter bunches at the cost of slightly increased energy spread and reduced bunch charges of up to 0.6 nC. Tuning of the LINAC in the "short bunch" operation mode is usually accomplished by maximizing the integrated coherent transition radiation ͑CTR͒ intensity on a pyroelectric detector, benefiting from the fact that the CTR spectrum becomes broader for shorter bunches. However, this procedure is not unambiguous, since the occurrence of substructures within a bunch also creates high frequency components in the CTR spectrum, which may, in some cases, lead to a comparable increase of the integrated CTR intensity. It is thus desirable to have a robust and reliable single-shot bunch length measurement setup for obtaining real-time information for the adjustment of accelerator parameters. PARMELA simulations of the SLS preinjector LINAC show that bunch lengths in the order of 1-5 ps can be expected for the short bunch operation mode. The present electro-optical autocorrelation ͑EOA͒ monitor setup has thus been optimized for this range, simultaneously aiming for subpicosecond time resolution.
II. EMISSION CHARCTERISTICS OF LONG-WAVELENGTH TRANSITION RADIATION
The unique emission characteristics of long-wavelength transition radiation ͑TR͒ is used to design a novel interferometer producing a spatial autocorrelation of the CTR pulse allowing the determination of the coherent power spectrum in a single-shot. In the following, we refer to an analytic formalism describing the emission process of longwavelength TR. 2 A comprehensive description of an overall CTR beam line using a closed-form, exceptionally broadband emission model has recently been reported in Ref. 3 .
The classical result for the emission characteristics of TR derived by Ginzburg and Frank 4 is valid only for the optical part of the emitted radiation and/or for infinite target diameters. At long wavelengths, the transversal extent of the electron field impinging onto the target screen is usually considerably larger than the target dimension. Hence, a model for the emission characteristics of long-wavelength transition radiation has been formulated for a finite target screen that is rotated by 45°with respect to the electron trajectory. 2, 3, 5 In such a configuration, the metallic target screen acts as a source aperture for the emitted TR. In this view, the magnetic field of the relativistic electron is inducing a surface current density in the thin metallic target, from which the vector potential representation of the radiated field is acquired. This allows then to calculate the components of the resulting electrical and magnetic fields. This description provides accurate approximations for both cases the far-field and the radiating near-field. Namely, the formalism describes the broadening of the TR lobes within the near-field for increasing wavelength. This is in sharp contrast to the opening angle of 1 / ␥ as predicted by Ginzburg and Frank, assuming a target of infinite extent. At the SLS preinjector LINAC ͑100 MeV, ␥ = 200͒, the typical opening angle was found to be 50 mrad ͑for CTR Ͼ0.5 mm͒, which is a factor of 10 larger as predicted by Ginzburg and Frank. In horizontal direction ͑polarization͒, an asymmetry of the two-lobed emission profile is predicted, which vanishes for short wavelengths where the formalism converges with the Ginzburg and Frank model. Both the angular broadening and the asymmetry effects have been experimentally confirmed behind the 100 MeV SLS preinjector LINAC. 
III. SPATIAL EOA INTERFEROMETER
The spatial EOA interferometer setup and the confirmation of its functionality has been achieved in several steps, namely, the utilization of the particular long-wavelength TR emission characteristics, the confirmation of the interference fringe visibility in the focal plane of the interferometer, and the optimization of the electro-optical readout. This section gives a brief overview of the related issues.
A. Basic design considerations
As a result of the studies of the emission characteristics of long-wavelength TR, two basic issues have been considered in the design of the spatial EOA interferometer at SLS ͑c.f. Figs. 1 and 2͒.
• The diameters of the optical components ͑wire grid polarizer, plane, and toroidal mirrors͒ are chosen large enough to account for the angular broadening of the CTR emission with increasing wavelengths. The expected wavelength range for the picosecond long electron bunches from the SLS LINAC is above 0.5 mm ͑below 600 GHz͒. The cutoff of the optical components in the interferometer setup is at a wavelength of 10 mm, respectively, at a frequency of 30 GHz.
• The tilt of the target screen by 45°results in an asymmetric emission pattern for the horizontal CTR polarization components. Thus, only the symmetric, vertically polarized CTR components were selected for the interferometer setup.
B. Spatial interferences-Proof of principle
The spatial autocorrelation interferometer produces a transverse fringe pattern in the focal plane of two intersecting plane waves. The resulting intensity pattern is calculated according to
where is the incident angle between the wave vector k ជ and the normal vector n ជ on the focal plane, respectively, the EOcrystal ͑in our case chosen to be 30°͒; x lies on the intersection between the plane of incidence and the focal plane, denoting the spatial dependence of the interference pattern,
stands for the modulation depth of the interferogram, which depends on the CTR intensity I i in each arm of the interferometer. The final modulation depth ␣ in the EOA experiment is defined by the efficiency of both the interferometer as well as the electro-optical read-out and describes the most relevant figure for the sensitivity analysis in Sec. V. The wavelength range and frequency dependence depends on the overall transmission function T total ͑͒ of the quasioptical setup of the EOA experiment.
2,3 T total ͑͒ takes into account the low-frequency attenuation which occurs mainly due to truncation losses and diffraction at the limited apertures of the optics in the setup. Since, the expected CTR spectrum is settled below 600 GHz, the absorption in humid air is almost negligible. Furthermore, the analytical model for the emission of long-wavelength TR does introduce a frequency dependent intensity flux. This is due to the fact that the extent of the electromagnetic source fields of the relativistic electrons ͑␥͒ can be considerably larger than the dimension of the target screen itself, and therefore a significant portion of the electromagnetic field does not contribute to the radiation process. Thus, this effect is more pronounced toward longer wavelengths. This effect is described by the term R͑͒ giving the fraction of the electromagnetic source field of the electrons that lies within the screen boundaries ͑r =28 mm͒. In the limit → ϱ it becomes that R͑͒ = 1. This indicates that for small enough wavelengths, the size of the target becomes irrelevant as the extent of the fields ͑␥͒ is considerably smaller than the target. However, for the SLS preinjector ͑␥ = 200 and Ͼ0.5 mm͒, R͑͒ cannot be neglected.
Additionally, it is worth noting that the extent of the spatial interference I interf ͑ , x͒ is limited due to the finite spatial CTR distribution in the measurement plane of the interferometer. Its transverse dimension is found to scale with the wavelength and thus is assumed to behave similar as a Gaussian beam. Therefore, the spatial overlap of the two interferometer arms is described by the term
where the dimensionless parameter d has to be determined by fitting P͑x͒ = ͐A͑ , x͒ · I͑͒d to a transverse profile P͑x͒ measured in the focal plane of the interferometer with I͑͒ = R͑͒ · T total ͑͒ · f͑͒. The quantity f͑͒ denotes the frequency dependent form factor owing to the longitudinal charge distribution in the electron bunch. 6 An average power spectrum I͑͒ has been assumed as for a Gaussian bunch of 2 = 2 ps, which in turn yields a spectrum that is in good agreement with measurements using a Martin-Puplett interferometer.
The resulting overall interference pattern S 0 ͑x͒ of the broadband CTR signal is given by the following expression:
Expression ͑3͒ encompasses the overall transfer relation of the spatial interferometer.
As a proof of principle for the actual spatial interferometer setup, the visibility of the transverse interference fringes in the focal plane of the interferometer was demonstrated in a laboratory measurement using monochromatic cw-sources in a range between 70 and 120 GHz. 7 As displayed in Fig. 3 , the results are in very good agreement with GRASP ͑Ref. 8͒ simulations showing a slight tilt of the interference fringes which is due to the asymmetric layout of the interferometer as the beams of the two signal paths intersect the plane from opposite vertical directions ͑see Fig. 1͒ . GRASP was used to simulate the quasioptical field propagation in the overall interferometer setup. The underlying computation method relies on physical optics and physical theory of diffraction.
The laboratory measurements successfully demonstrated the spatial interference of monochromatic cw-sources. However, for a broadband and pulsed source such as CTR, spatial interference occurs only when the difference in the length of both interferometer arms is within the length of the picosecond long electron bunches ͑in the order of a millimeter͒. This is of course similar to conventional Michelson or MartinPuplett interferometers. A longitudinal phase shift ͑a length change between the interferometer arms͒ results in case of the spatial interferometer in a transverse position shift of the zeroth order fringe ͑the one fringe which position is independent on the frequency ͒ in the focal plane. This behavior which is an indication of the setup's single-shot capability could be demonstrated with CTR, emitted at the ALIDI-SM-5 optical monitor behind the 100 MeV SLS preinjector LINAC. A series of horizontal scans with a Golay-Cell detector in the focal plane of the spatial interferometer was performed for different longitudinal phase settings, showing the expected transverse shift of the zeroth order fringe.
C. Experimental setup and electro-optical readout
The beam of an active mode-locked neodymium-doped yttrium aluminum ͑Nd:YAG͒ laser ͑ 1,2 = 1064 nm, 532 nm, and = 500 ps, single pulse energy of 0.5 mJ͒ is guided through an optical transfer line from the SLS technical gallery onto an optical table at the location of the ALIDI-SM-5 optical monitor in the LINAC bunker. The timing jitter between laser and electron bunch was measured to be in the order of 50ps. One part of the laser beam is split and focused onto a photomultiplier ͑PM͒, where a coarse synchronization with optical TR from the target screen is achieved. The main part of the laser beam passes a Glan Laser polarizer before being reflected onto a ZnTe crystal ͑10ϫ 10ϫ 1 mm 3 , cut in the ͓110͔-plane͒ placed in the focal plane of the interferometer. In case of coincidence between the CTR and the laser pulses, the polarization of the laser light is rotated due to the CTR induced birefringence in the ZnTe crystal. Thus, the wavelength selected for the measurements was 1 = 1064 nm, while 2 = 532 nm was used only for synchronization purposes. The transmitted laser intensity passes the second ͑analyzing͒ polarizer and is focused in the vertical direction by a cylindrical lens onto an InGaAs linear image sensor ͑LIS͒ with 256 pixels and 50 m pitch, providing the horizontal signal distribution of the residual laser light. A schematic view of the experimental setup is shown in Fig. 2 . The use of 500 ps long Nd:YAG laser pulses facilitates the synchronization with the short CTR pulses and turns the EOA monitor into a very robust and quite easy to handle bunch length monitor. However, the required extinction levels of the cross-polarization arrangement to obtain a sufficient signal-to-background ratio for the long laser pulses have to be in the order of 10 −5 -10 −6 . This is fairly difficult to achieve, since even the highest quality EO-crystals degrade the total extinction by about one order of magnitude due to strain induced birefringence. The best achieved extinction levels in our experiments were 4 ϫ 10 −5 ͑c.f. Fig. 4͒ .
IV. BUNCH LENGTH MEASUREMENTS
After minimization of the extinction level with the ZnTe crystal in place has been obtained, the bunch length measurements are usually performed in two steps 9 as detailed out in the following.
A. Synchronization
Coarse synchronization to an accuracy of about 200 ps is achieved by overlaying the optical part of the TR, which passes through a central hole in the first out-coupling parabolic mirror, with part of the Nd:YAG laser pulses onto a PM ͑rise time Յ1 ns͒. The signal on the LIS detector can then be optimized by subsequent fine-tuning of the laser-CTR timing and the adjustment of both EOA interferometer arms to equal lengths. When optimum conditions for coincidence are accomplished, the recorded laser signal rises typically by a factor of 2-3 compared to the residual signal when no CTR is applied.
B. Signal analysis
If the longitudinal phase of the EOA interferometer is well adjusted, the spatial interference pattern can already be observed in the LIS raw data. However, the single-shot interference patterns S͑x͒ shown in Fig. 3 are the result of some basic data treatment according to Eq. ͑4͒, including background subtraction and normalization
where S interf ͑ , x͒ is the spatial fringe pattern of the broadband CTR expressed in Eq. ͑3͒ and S ␣→0 ͑ , x͒ is the horizontal profile on the LIS taken at an "out-of-phase" interferometer setting ͑large arm length difference͒ to emulate the profile resulting from the noninterfering CTR background. This is then subtracted to reveal the interference pattern.
Since this data treatment is done automatically by the experimental controls software package, shot-by-shot spatial autocorrelation profiles can be recorded in real-time during a measurement period, providing the possibility of tuning the LINAC's bunching section for shortest bunch lengths ͑Fig. 5͒.
C. Bunch lengths versus prebuncher phase
In case of the short bunch operation mode of the SLS preinjector LINAC, both bunch length and energy spread depend quite sensitively on the relative phase settings of the three buncher cavities ͓500 MHz subharmonic prebuncher, four-cell ͑PBU͒, and 16-cell 3 GHz traveling wave bunchers͔. The maximum CTR intensity was generated while maintaining a smooth energy distribution of the bunch. Although this LINAC optimization procedure may not always lead to the maximum CTR intensity, it justifies the assump- tion of a Gaussian longitudinal profile for the EOA data analysis. Figure 5 shows autocorrelation profiles for different PBU settings, resulting in 2 bunch widths between 1.5 and 4.3 ps assuming Gaussian longitudinal bunch configurations. The transfer functions of the experimental setup as well as the frequency dependent CTR and laser spot sizes have been considered in the data analysis ͓Eqs. ͑3͒ and ͑4͔͒. The fit parameters include the bunch length ͑2͒ and the intensity modulation depth of the recorded autocorrelation pattern ␣ = ␣ m · ␣ eo . The quantity ␣ eo denotes the sensitivity of the electro-optical imaging system. ␣ eo describes the ability to translate the CTR intensity interference pattern into the polarization modulated transverse profile of the probe laser pulse and to sample this profile onto the detector. ␣ m is the interferometer modulation depth as given in Sec. IV B, depending on the intensities in the two signal arms. The fits have been achieved by using the build in function "NonlinearFit" in MATHEMATICA, which allows performing a leastsquares fit to a list of data. The estimates of the model parameters are chosen to minimize the 2 merit function given by the sum of squared residuals ͚ i e i 2 . Bunch length variations due to different PBU phase settings have been measured with a resolution down to 200 fs. The smallest deviation which is clearly distinguishable is in the order of 200 fs observed between a PBU phase of 68°a nd 70°as shown in Fig. 6 ͑cf., inset͒. This is in reasonable agreement with the theoretical optimum resolution of the present setup of 150 fs, which is determined by the 50 m pitch of the pixel detector and the angle of incidence of the two signal arms of the interferometer ͓cf., Eq. ͑1͔͒.
V. LIMITATIONS OF THE PRESENT SETUP AND FUTURE IMPROVEMENTS
The noninterfering CTR background is taken into account by subtracting a horizontal profile on the LIS taken at an out-of-phase interferometer setting ͑large arm length difference͒. In this context, we have identified the largest noise sources in the limited stability of the spatial profile of the probe laser system and the diffraction at the optics apertures as well as the pattern resulting from strain induced birefringence. The position stability of the probe laser system was measured to be in the order of Ϯ100 m rms after the 15 m long optical transfer line.
The diffraction effects could be easily avoided using optics of larger diameter. The limited stability of the probe laser is a distinct characteristic of a solid-state system which is hard to overcome. However, due to its unique design, a passively mode-locked Yb-doped fiber laser system offers greatly improved pointing stability and transverse beam quality. Furthermore, pulsed fiber lasers have been successfully locked to rf clocks with accuracies well below 100 fs. 10 Hence, using such a laser system with pulse durations of some ps should easily allow to retain the unique robustness of the monitor and to improve the signal-to-background ratio. We calculated that pulse energies in the order of 5 nJ are needed in an optimized setup. This should be obtainable with an Yb-doped fiber laser.
Another limitation of the present spatial interferometer lies in the fact that the size of the autocorrelation pattern is limited due to the frequency dependent finite CTR spot in the measurement plane. This leads to an inherent degrading of the modulation depth of the outer interference fringes. This cannot be overcome, however, by modification of the optical layout-magnification factor and convergence angle-the degrading of the modulation depth for increasing fringe orders can be adjusted. Note the clear advantage of this interferometer, the decay per fringe order stays constant for all frequencies. In the cases shown in Fig. 7 , the fringe visibility is about 1/3 ͑second order fringes͒ for a magnification factor of 1:1 and 7/10 ͑second order fringes͒ for a magnification factor of 2:1. Here, it must be noted that a higher magnification factor leads to less intensity. The SLS LINAC is not predestined to produce shortest bunches with high beam charges ͑Ͼ1 nC͒. However, sufficient high radiation levels can be expected in future machines in order to produce autocorrelation patterns of good quality using higher magnification factors. ͑Color online͒ Finite size of the autocorrelation pattern due to the frequency dependent CTR spot size in the measurement plane of the interferometer for 100 and 300 GHz, respectively. The upper plot shows the pattern using a magnification factor of 1:1 while the lower plot is for a magnification factor of 2:1. The visibility of the outer interference fringes is clearly enhanced in the second plot.
A. Sensitivity and signal-to-noise ratio
The sensitivity ␣ of the EOA setup is defined by the intensity modulation depth of the interference fringes. ␣ depends on the efficiency of both the interferometer and the electro-optical read-out. The latter describes the ability to translate the interference pattern into the polarization modulated transverse profile of the probe laser pulse and to sample this profile onto the detector ͑linear image sensor͒. The signal-to-noise ratio with respect to the final modulation depth ␣ of the measured interferograms is defined by
where ␦ is the noise background caused mainly by the limited stability of the probe laser beam and the strain induced birefringence in the ZnTe crystal as used in the experiment.
The signal-to-noise ratio of the present setup is found to be in the order of 7 dB with respect to the characteristic zeroth order fringe. The analysis shows that with a revised spatial interferometer setup ͑higher magnification factor of 2:1͒ and an improved electro-optical read-out ͑lower strain induced birefringence and better pointing stability of the laser system͒, the signal-to-noise ratio can be expected to improve by one order of magnitude. This in turn should enable to identify and measure higher order interference fringes.
VI. CONCLUSIONS
A novel, spatial EOA interferometer for single-shot bunch length measurements has been developed and successfully implemented at the 100 MeV SLS preinjector LINAC. 11 The long pulses of the Nd:YAG probe laser eases synchronization between electron bunch and laser resulting in a robust bunch length monitor. For different settings of the PBU prebuncher, electron bunch widths in the order of between 1.5 and 4 ps have been measured with subpicosecond time resolution.
The current setup has been successfully applied as an online monitor for the optimization process of the SLS preinjector LINAC for shortest bunches. Any change of the phase setting of the bunching cavities which leads to increased bunch lengths results in a widening of the interference pattern which thus can be easily traced. Therefore, the monitor described in this contribution represents an indispensable tool for an operator to optimize the machine for shortest bunches.
The monitor produces autocorrelation patterns of good quality. The zeroth order interference fringe is clearly visible in all of the recorded profiles. However, the signal-to-noise ratio is curtailed by the background of the EO read-out system and the Nd:YAG laser stability. Since the most stable pulses at the SLS LINAC are Gaussian shaped, without distinct longitudinal density modulations within the bunch, it is nevertheless sufficient to clearly reproduce the zeroth order interference fringe. The important quantity is the intensity modulation depth of the interference pattern. The present monitor setup has a signal-to-noise ratio in the order of 7 dB with respect to the zeroth order fringe. Thus, this is adequate to describe the bunches at the SLS LINAC in single-shot operation while demonstrating subpicosecond resolution by tracking bunch lengths changes as small as 200 fs.
However, for other machines, which produce nonGaussian bunches with longitudinal density modulations on a subpicosecond basis, the visualization of the zeroth order fringe alone may not be sufficient. In this context, the side modulations of the interference pattern are becoming important. The largest improvements can be expected from a revised electro-optical imaging system. Particularly, a new setup could benefit from a more stable probe laser system as a major contribution in the noise background is due to fluctuations of the transverse profile of the laser. A fiber laser would offer much improved spatial stability due to its unique design. The stray light passing the cross-polarizer can be further reduced by using the shorter pulses of a fiber laser. An enhancement of the signal-to-noise ratio in the order of 10 dB is found to be possible. This would be sufficient to use the monitor at another machine which produces bunches with distinct modulations in their longitudinal shape.
